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INTRODUCTION
During the last twenty years, important and rapid progress has been noted in the development of analytical and computation methods for the determination of the thermal and mechanical behaviour and the load bearing capacity of building structures and structural members exposed ro fire. Consequently, an analytical design can be carried out today for most cases where steel structures are involved. validated material models for the mechanical behaviour of concrete under transient high-temperature conditions and thermal models for a calculation of the charring rate in wood exposed to fire, derived during recent years, have significantly increased the area of application of analytical design. To aid this application, design diagrams and tables have been systematically computed and published, giving directly, on the one hand, the temperature state of the fire exposed structure, and on the other, a transfer of this information to the corresponding load bearing capacity of the structure 11-27].
FIRE SAFETY SCIENCE-PROCEEDINGS OF THE FIRST INTERNATIONAL SYMPOSIUM

METHODS OF STRUCTURAL FIRE DESIGN
The i n t e r n a t i o n a l l y a p p l i e d methods f o r a f i r e d e s i g n of load b e a r i n g s t r u c t u r e s and s t r u c t u r a l members may be described i n o u t l i n e w i t h r e f e r e n c e t o t h e m a t r i x s e t o u t i n F i g u r e 1 [ 2 5 , 281 . The m a t r i x i s based on t h r e e models f o r thermal exposure (H1, H p and H3) i n r e l a t i o n t o t h r e e types of s t r u c t u r a l models (S1, S2 and S 3 ) , Building Construction". T t = f u r n a c e temperature a t time t (OC), To=furnace temperature a t time t = O (OC) and t = t i m e i n minutes. The time of exposure t f d r e p r e s e n t s t h e time during which t h e s t r u c t u r a l e l e m e n t -o r substruct u r e -i s r e q u i r e d t o f u l f i l i t s load b e a r i n g a n d f o r s e p a r a t i n g f u n c t i o n according t o s p e c i f i c a t i o n s i n codes and r e g u l a t i o n s . The f u n c t i o n may be v e r i f i e d e i t h e r by t e s t or by c a l c u l a t i o n . H2 -The same thermal exposure a s f o r H 1 except t h a t t h e d u r a t i o n of exposure te i s determined i n each c a s e f o r t h e c h a r a c t e r i s t i c s of a p a r t i c u l a r compartment f i r e . Accordingly, t e r e p r e s e n t s a n e q u i v a l e n t time of t h e s t a n d a r d f i r e exposure which produces t h e same e f f e c t upon t h e s t r u c t u r a l element o r s u b s t r u c t u r e with r e s p e c t t o t h e d e c i s i v e l i m i t i n g c o n d i t i o n a s t h e r e l ev a n t n a t u r a l f i r e . For p r o t e c t e d and unprotected s t e e l s t r u c t u r e s , t h e following approximate formula a p p l i e s [291:
where f = f i r e load d e n s i t y p e r u n i t a r e a of the s u r f a c e s bounding t h e f i r e compartment ( M J .~-~) , A \~/ A~~~ = 9~e n i n g f a c t o r of the f i r e compartment (m$, A = t o t a l a r e a of t h e openings (m ) , h=mean v a l u e of t h e h e i g h t s of t h e openings, weighted with r e s p e c t t o each i n d i v i d u a l opening a r e a (m) and A t o t = t o t a l i n t e r i o r a r e a of t h e s t r u c t u r e s enclosing the compartment, 2 opening a r e a s included (m ) .
Eq. (2) e beams where t h e c r i t i c a l concern i s y i e l d i n g of the reinforcement under bending c o n d i t i o n s . For o t h e r types of load bearing and s e p a r a t i n g s t r u c t u r a l elements, t h e r e a r e very few s t u d i e s reported on t h e a p p l i c a b il i t y of t h e formula.
H3 -A thermal exposuredetermined by t h e c o n d i t i o n s of a f u l l y developed compartment f i r e with c o n s i d e r a t i o n given t o : t h e combustion c h a r a c t e r i s t i c s of t h e f i r e l o a d , t h e v e n t i l a t i o n of t h e f i r e compartment and t h e thermal p r o p e r t i e s of t h e s t r u c t u r e s e n c l o s i n g t h e f i r e compartment. I n t h e i n d iv i d u a l c a s e , t h e exposure can e i t h e r be c a l c u l a t e d from t h e energy and mass balance e q u a t i o n s f o r t h e compartment f i r e o r be derived from c u r v e s o r t a b l e s i n manuals, g i v i n g t h e time v a r i a t i o n of e i t h e r t h e gas temperature w i t h i n t h e compartment o r t h e corresponding h e a t f l u x t o t h e s t r u c t u r ec f . , f o r i n s t a n c e , [ 2 , 7 , 8 , 13, 17 , 281 and f u r t h e r r e f e r e n c e s given i n t h e s e p u b l i c a t i o n s . F i g u r e 2 g i v e s an example of such d a t a , taken from t h e Commentary 1976:l t o t h e Swedish Building Code.
The s t r u c t u r a l models a r e d e f i n e d a s f o l l o w s : S1 -A s i m p l i f i c a t i o n of a r e a l s t r u c t u r e by d i v i s i o n i n t o s i n g l e elements such a s beams and columns. The s t r u c t u r a l model may e i t h e r be r e p r e s e n t e d by a t e s t specimen o r d e a l t w i t h a n a l y t i c a l l y .
S2 -A s b n p l i f i c a t i o n of a r e a l s t r u c t u r e by d i v i s i o n i n t o s u b s t r u c t u r e s such a s beam-column systems. The s u b s t r u c t u r e t h u s d e r i v e d i s provided with welld e f i n e d , s i m p l i f i e d c o n d i t i o n s of support a n d l o r r e s t r a i n t a t i t s o u t e r ends o r edges. As with S 1 , t h e s t r u c t u r a l model may e i t h e r be d e a l t with a n a l y t i c a l l y o re x c e p t i o n a l l ybe r e p r e s e n t e d by a t e s t specimen.
S3 -A complete r e a l s t r u c t u r e , e.g. a two o r t h r e e dimensional frame, a beams l a b system o r a column-beam-slab system. Such s t r u c t u r a l models a r e g e n e r a l l y d e a l t with a n a l y t i c a l l y , normally r e q u i r i n g t h e support of a comp u t e r .
The i n t e r n a t i o n a l l y most p r e v a l e n t s t r u c t u r a l f i r e d e s i g n i s c h a r a c t e r i z e d by t h e combination HI-SI. The d e s i g n i s u s u a l l y r e l a t e d t o t h e r e s u l t s of t h e s t a ndard f i r e r e s i s t a n c e t e s t according t o t h e IS0 Standard 834 o r some e q u i v a l e n t n a t i o n a l s t a n d a r d . The f i r e r e s i s t a n c e may a l s o be d e r i v e d a n a l y t i c a l l y and t h i s a l t e r n a t i v e i s now o f f i c i a l l y being p e r m i t t e d i n more and more c o u n t r i e s . A few c o u n t r i e s a l l o w t h e a p p l i c a t i o n of t h e model combination HI-S2, normally by anal y t i c a l methods. The combination HI-S3 involves a t o o g r e a t d i f f e r e n c e i n t h e accuracy of s i m u l a t i o n between t h e thermal exposure and s t r u c t u r a l models t o be a c c e p t a b l e i n p r a c t i c e . 
P
The substantial progress during the last twenty years in the development of analytical methods, referred to above, has considerably increased the possibility of performing a structural fire design, based upon the thermal exposure models H2 and H3 as an alternative to the conventional use, at present, of the thermal exposure model H,.
A design directly based on a natural compartment fire exposure H3 is generally characterized by an analytical treatment. For rapid practical application, it is necessary for systematized design data in the form of e.g. manuals to be available. Usually, then the model combination H3-S2 is used, and in certain cases the model combination H+,. Design according to the combination H3-S3 generally demands access to a computer. This combination is of central importance in the research context. A structural design for thermal exposure of the H2 type is based indirectly on a natural compartment fire, described by the temperature-time curve according to IS0 834, Eq. ( l ) , with reference to the concept of equivalent time of fire exposure te. The structural behaviour, calculated for such an exposure, differs from the behaviour in a natural fire situation in cases where the heating histo-r y i s of s i g n i f i c a n c e . I n t h e combination H2-S,, t h e d e s i g n can be performed e i t h e r a n a l y t i c a l l y o r on t h e b a s i s of a f u r n a c e t e s t according t o IS0 834. I n t h e combination H2-S2, a n a l y t i c a l d e s i g n i s t h e normal procedure, and experimental v e r i f i c a t i o n i s an exception. The combination H2-S3 may he questioned from a p r a c t i c a l s t a n d p o i n t s i n c e i t does n o t provide f o r t h e s i m p l i f i c a t i o n s of a design developed u s i n g t h e model combination H3-S3.
CHARACTERISTICS OF RELIABILITY BASED STRUCTURAL FIRE DESIGN
The most r e c e n t t r e n d i n t h e development of t h e s t r u c t u r a l f i r e design i s t o adopt modem l o a d i n g and s a f e t y philosophy and i n c l u d e a p r o b a b i l i s t i c approach, based on e i t h e r a system of p a r t i a l s a f e t y f a c t o r s ( p r a c t i c a l design format) o r t h e s a f e t y index concept [ 2 5 , 26, 28, 30-371 . For an everyday d e s i g n , a d i r e c t a p p l i c a t i o n of t h e s a f e t y index concept then i s t o o cumbersome and t h e more s i m p l i f i e d p r a c t i c a l design formats have t o be used.
The fundamental components of such a r e l i a b i l i t y based s t r u c t u r a l f i r e design a r e * the l i m i t s t a t e c o n d i t i o n s * t h e p h y s i c a l model * t h e p r a c t i c a l d e s i g n format * d e r i v i n g t h e s a f e t y elements.
Depending on t h e type of p r a c t i c a l a p p l i c a t i o n , one, two o r a l l of t h e following l i m i t s t a t e c o n d i t i o n s apply: * Limit s t a t e with r e s p e c t t o load bearing c a p a c i t y * l i m i t s t a t e w i t h r e s p e c t t o i n s u l a t i o n * l i m i t s t a t e w i t h r e s p e c t t o i n t e g r i t y .
For a load b e a r i n g s t r u c t u r e , t h e d e s i g n c r i t e r i o n i m p l i e s t h a t t h e minimum v a l u e of t h e l o a d b e a r i n g c a p a c i t y R ( t ) during t h e f i r e exposure s h a l l meet t h e l o a d e f f e c t on t h e s t r u c t u r e S, i . e . The c r i t e r i o n must be f u l f i l l e d f o r a l l r e l e v a n t t y p e s of f a i l u r e . The r e q u i r ements w i t h r e s p e c t t o i n s u l a t i o n and i n t e g r i t y apply t o s e p a r a t i n g s t r u c t u r e s . The d e s i g n c r i t e r i o n r e g a r d i n g i n s u l a t i o n implies t h a t t h e h i g h e s t temperature on t h e unexposed s i d e of t h e s t r u c t u r e -max{Ts(t)}s h a l l meet t h e temperature Tcr, a c c e p t a b l e w i t h regard t o t h e requirement t o prevent a f i r e spread from t h e f i r e compartment t o an a d j a c e n t compartment, i . e . For t h e i n t e g r i t y requirement, t h e r e i s no a n a l y t i c a l l y expressed design c r i t er i o n a v a i l a b l e a t p r e s e n t . Consequently, t h i s l i m i t s t a t e c o n d i t i o n has t o be proved e x p e r i m e n t a l l y , when r e q u i r e d , i n e i t h e r a f i r e r e s i s t a n c e t e s t o r a s i m p l i f i e d small s c a l e t e s t .
The & s i c a l modcl; comprises t h e d e t e r m i n i s t i c model, d e s c r i b i n g t h e r e l e v a n t p h y s i c a l p r o c e s s e s of t h e thermal and mechanical behaviour of t h e s t r u c t u r e a t s p e c i f i e d f i r e and loading c o n d i t i o n s . Supplemented w i t h r e l e v a n t p a r t i a l s a f et y f a c t o r s , t h e p h y s i c a l model is t r a n s f e r r e d t o t h e
Related t o a n a n a l y t i c a l f i r e design of load b e a r i n g s t r u c t u r e s , d i r e c t l y based on t h e n a t u r a l compartment f i r e exposurethermal exposure typeeg3t h e pract i c a l d e s i g n format can sumnarily be d e s c r i b e d according t o t h e flow c h a r t i n F i g u r e 3 . by t h e formula ( 7 ) where MRlt) i s t h e l o a d b e a r i n g c a p a c i t y a t t i m e t , expressed i n terms of e . g . where t f i s t h e f i r e r e s i s t a n c e of t h e s t r u c t u r a l element, te e q u i v a l e n t time of f i r e exposure -E q . (2)and y f , yn and ye ~a r t i a l s a f e t y f a c t o r s , t a k i n g i n t o account a l l u n c e r t a i n t i e s i n t h e d e s i g n system.
The p a r t i a l s a f e t y f a c t o r ye covers t h e u n c e r t a i n t i e s of t h e f i r e load and t h e f i r e compartment c h a r a c t e r i s t i c s , i n c l u d i n g t h e u n c e r t a i n t i e s of the a n a l y t i c a l model f o r a d e t e r m i n a t i o n of t h e f i r e exposure. The p a r t i a l s a f e t y f a c t o r yf c o n s i d e r s t h e u n c e r t a i n t i e s of t h e mechanical l o a d and t h e thermal and mechani-'
c a l p r o p e r t i e s of t h e s t r u c t u r a l element, i n c l u d i n g t h e u n c e r t a i n t i e s of t h e a n a l y t i c a l models f o r a d e t e r m i n a t i o n of t h e load e f f e c t , t h e t r a n s i e n t temper a t u r e s t a t e and t h e load b e a r i n g c a p a c i t y i f t h e f i r e r e s i s t a n c e i s evaluated a n a l y t i c a l l y . Thermal P r o p e r t i e s and T r a n s i e n t Temperature S t a t e
The t r a n s i e n t h e a t flow w i t h i n a f i r e exposed s t r u c t u r e i s governed by t h e h e a t b a l a n c e e q u i At free surfaces, the heat flow qn is caused by convection qnc and radiation qnr and follows the formula where a , m = convection factor and convection power, respectivelysee, for instance, [381, E, = resulting emissivity, varying with gas or flame emissivity, surface properties and gesmetric configuration, o=Stefan-Boltzmann constant, Ts=surface tempesature, Ts=absolute surface temperature, T t = surrounding gas temperature, and Tt=absolute surrounding gas temperature.
The solution of Eq. (11) is complicated by the fact that the thermal conductivity matrix h and the rate of specific volumetric enthalpy change 6 depend on the temperature T to an extent that cannot be diregarded. Further complications arise when the material undergoes phase changes during the heating and when the material has an initial moisture content.
Well-defined measurements of the thermal conductivity A for moist materials are difficult to undertake within the temperature range relevant at fire exposure, due to the complicated interaction between moisture and heat flow. As concerns the enthalpy e, the way evaporable water reacts to pressure has not been experimentally clarified and consequently, this influence has to be included in a simplified manner in calculating the transient temperature state of a fire exposed structure. Usually, all moisture is assumed to evaporate, without any moisture transfer, at the temperature 1 0 0~~ or within a narrow temperature rangeref. 38 applies a range of 100 to 1 1 5~~with the heat of evaporation giving a corresponding discontinuous step in the enthalpy curve. This simplification has proved to give acceptable results for most practical situations.
In reality, the evaporation of moisture in a fire exposed material is not comparable to that of a free water surface. Capillary forces, adhesive forces, and interior steam pressure will allow the temperature to increase during evaporation. During the heating of the structure, the moisture distribution changes continuously. Hence, it is not principally correct to include the effect of moisture content in the thermal properties. For a moist material, the heat transfer is combined with moisture transport and, from a strict thermodynamical point of view, these two transport mechanisms should be analysed simultaneously by a system of related partial differential equations. Consequently, Eq. (11) constitutes an approximation when applied to fire exposed structures made of materials that contain moisture.
For materials used, for instance, for fire protection of steel structures or in suspended ceilings, there are test methods developed for a determination of derived values, characterizing the fire behaviour of the product in an integrated way. Normally, the values are derived from test results by use of some analytical simulation model. As a consequence, the derived values do not represent any well-defined material or product properties but are influenced also by the characteristics of the analytical model, adopted for the evaluation. This leads to limitations with respect to a generalized application of the derived values.
Analytical solutions of the heat balance equilibrium equation (11) are feasible only for linear applications with simple geometries and boundary condi-tions. For a practical determination of the transient temperature state of fire ' exposed structures, numerical methods have been developed and arranged for computer calculations. The methods are based either on finite difference or finite element approximations. For the first group of numerical methods, reference can be made to [12, [39] [40] [41] [42] [43] [44] , and for the group employing finite element methods to [12, 38, [45] [46] [47] [48] .
The computer programmes can be used either directly as an advanced component in the fire design procedure or as a tool for calculations of diagrams and tables, facilitating a practical determination of the design temperature state for varying conditions of fire exposure and varying structural characteristics. For a thermal exposure according to the standard temperature-time curve, Eq. ( l ) , such design aids are given in [ 5 , 6, 9, 10, 13, 20, 23, 271 for steel structures and in [3-5, 11, 14-16, 19 , 211 for concrete structures. A corresponding design aid is presented in [ 2 , 7, 13, 17, 29, 491 for steel structures and in [7, 491 for concrete structures when exposed to a natural compartment fire with gas temperature-time curves according to Figure 2.
Fire exposed timber structures present special problems due to the continuous decrease of the effective cross section hy combustion of the material. For a thermal exposure according to the standard fire resistance test, Eq. ( l ) , a large number of tests, made in different fire engineering laboratories, verify an approximately constant rate of charring of 3.5 cm.h-l for glued laminated timber beams and columns. The value is roughly applicable up to a charring depth equal to one quarter of the cross section dimension in the direction of charring. For a larger charring depth, the rate of charring increases.
Analytical models for a calculation of the charring rate and depth of wood at varying thermal exposure are presented in, for instance, [26, 52, 541 also include a model for a determination of the temperature distribution within the uncharred part of the cross section. Ref. L531 includes diagrams giving the charring depth of a cross section at a natural compartment fire exposure, defined by the gas temperature-time curves according to Figure  2 .
Mechanical Properties and Structural Behaviour
A reliable calculation of the mechanical behaviour and load bearing capacity of a fire exposed structure or structural element on the basis of the transient temperature state requires validated models for the mechanical behaviour of the materials involved within the temperature range associated with fires. It is important that the material behaviour models are phenomenologically correct with input information received from well-defined tests.
Available tests for a determination of the mechanical properties of materials at elevated temperatures can mainly be divided into two groups: steady state tests and transient state tests - Figure 5 [551. Fundamental parameters are the heating process, application and control of load, and control of strain. These can have constant values or be varied during testing. 
STRESS-STRAIN RELATIONSHIP Stress rote-controlled
The m a t e r i a l p r o p e r t i e s measured a r e c l o s e l y r e l a t e d t o t h e t e s t method used. Consequently, i t i s extremely important t h a t r e p o r t e d t e s t r e s u l t s always a r e accompanied by a n a c c u r a t e s p e c i f i c a t i o n of t h e t e s t c o n d i t i o n s a p p l i e d . For s t e e l s , t h e r e i s a n a l y t i c a l modelling technique a v a i l a b l e e n a b l i n g a coupling of s t e a d y s t a t e and t r a n s i e n t s t a t e t e s t s [551.
For s&ggi, v a l i d a t e d mechanical behaviour models f o r t r a n s i e n t , high-temperat u r e c o n d i t i o n s have been a v a i l a b l e f o r many y e a r sc f . , f o r i n s t a n c e , [55-591. The models d i v i d e t h e t o t a l s t r a i n i n t o thermal s t r a i n , i n s t a n t a n e o u s s t r e s sr e l a t e d s t r a i n and c r e e p s t r a i n o r time dependent s t r a i n . Some of t h e models o p e r a t e w i t h temperature compensated time according t o Dorn [561.
A n a l y t i c a l models f o r d e t e r m i n a t i o n of t h e mechanical behaviour and l o a d beari n g c a p a c i t y of s t e e l beams, columns and frames exposed t o f i r e a r e p r e s e n t e d i n , f o r i n s t a n c e , [ t 2 , 57-661. The most g e n e r a l models a r e t h o s e put forward i n 159, 63-661. A s i m p l i f i e d d e s i g n a i d , g i v i n g d i r e c t l y t h e l o a d b e a r i n g c a p a c i t y f o r a d e s i g n temperature s t a t e o r t h e c r i t i c a l temperature s t a t e f o r a design load e f f e c t , can be found i n [2, 5-7, 9, 10, 13, 17, 20, 23, 27, 49, 571. , where E = t h e r m a l s t r a i n , i n c l u d i n g s h r i n k a g e , measured on u n s t r e s s e d s p e c imens un8her v a r i a b l e temperature; E,, = i n s t a n t a n e o u s , s t r e s s -r e l a t e d s t r a i n , based on s t r e s s -s t r a i n r e l a t i o n s , o b t a i n e d a t a r a p i d r a t e of loading under c o n s t a n t , s t a b i l i z e d temperature; c c r = c r e e p s t r a i n o r time-dependent s t r a i n , measured under a c o n s t a n t s t r e s s a t c o n s t a n t , s t a b i l i z e d temperature; and c t r = = t r a n s i e n t s t r a i n , accounting f o r t h e e f f e c t of temperature i n c r e a s e under s t r e s s , d e r i v e d from t e s t s under c o n s t a n t s t r e s s and v a r i a b l e temperature.
For s t r e s s e d c o n c r e t e i n a t r a n s i e n t high-temperature s t a t e , t h e t r a n s i e n t s t r a i n component u s u a l l y p l a y s a predominant r o l e . Parameter formulations f o r each of t h e s t r a i n components and a p r a c t i c a l guidance on t h e a p p l i c a t i o n of t h e m a t e r i a l behaviour model a t a time varying s t r e s s and temperature s t a t e a r e given i n [671. An a l t e r n a t i v e model f o r m u l a t i o n of t h e mechanical behaviour of c o n c r e t e a t t r a n s i e n t e l e v a t e d temperatures i s given i n 1681. S i m p l i f i e d methods, f a c i l i t a t i n g t h e p r a c t i c a l d e s i g n of f i r e exposed, r e i nf o r c e d c o n c r e t e beams and columns exposed t o f i r e can be found i n [3-5, 7 , 8 , l l , 14, 16, 19, 21, 39, 40, 78-80] . I n 181, simple formulae a r e given f o r t h e f i r e r e s i s t a n c e of c o n c r e t e beams, columns, w a l l s and s l a b s , based on an i n t e rn a t i o n a l surveyc f . a l s o [14, 191. The d e s i g n a i d has t o be a p p l i e d with due c o n s i d e r a t i o n of t h e f a c t t h a t t h e a n a l y t i c a l t o o l f o r a d e t e r m i n a t i o n of t h e u l t i m a t e l o a d b e a r i n g c a p a c i t y of f i r e exposed c o n c r e t e s t r u c t u r e s mainly covers t h e f a i l u r e i n bending. For o t h e r k i n d s of f a i l u r es h e a r , bond, anchorage and s p a l l i n gt h e p r e s e n t s t a t e of knowledge i s s t i l l u n s a t i s f a c t or y . I n a p r a c t i c a l f i r e e n g i n e e r i n g d e s i g n , i t i s t h e r e f o r e important t o d e t a i l t h e s t r u c t u r e i n such a way t h a t t h e s e t y p e s of f a i l u r e w i l l have a lower p r o b a b i l i t y of o c c u r r e n c e t h a n f a i l u r e by bending.
For l o a d b e a r i n g timber s t r u c t u r e s , t h e p o s s i b i l i t i e s f o r an a n a l y t i c a l modeli n g of t h e mechanical b e h a v i o u r d u r i n g f i r e e x p o s u r e a r e e s s e n t i a l l y more l i m i t e d t h a n f o r s t e e l and c o n c r e t e s t r u c t u r e s . A s mentioned e a r l i e r , v a l i d a ted a n a l y t i c a l models a r e a v a i l a b l e f o r a c a l c u l a t i o n of t h e c h a r r i n g r a t e of wood under v a r y i n g thermal exposure and approximate models a l s o e x i s t f o r an e v a l u a t i o n o f t h e t e m p e r a t u r e d i s t r i b u t i o n w i t h i n t h e uncharred p a r t of t h e c r o s s s e c t i o n u n d e r t h e s i m p l i f i e d assumption of no m o i s t u r e c o n t e n t i n t h e wood [ 5 1 , 5 2 , 541 . I t i s h i g h l y d e s i r a b l e t h a t a n a l y t i c a l models should be developed f o r t h e mass t r a n s f e r of m o i s t u r e and f o r t h e mechanical behaviour of wood under c o n d i t i o n s of t r a n s i e n t t e m p e r a t u r e and m o i s t u r e c o n t e n t . I n [ E l ] , approximate formulae a r e d e r i v e d f o r t h e f i r e r e s i s t a n c e of l a m i n a t e d timber beams and columns, exposed t o t h e s t a n d a r d temperature-time c u r v e . A d e t a i l e d s t r u c t u r a l d e s i g n g u i d e f o r t h e f i r e r e s i s t a n c e of beams, columns, j o i n t s , f l o o r s , r o o f s and w a l l s , based on c l a s s i f i c a t i o n and r e s u l t s of s t a ndard f i r e r e s i s t a n c e t e s t s i s g i v e n i n [24] which i s a very comprehensive manual. A s i m p l i f i e d d e s i g n a i d f o r l a m i n a t e d timber beams and columns, exposed t o a n a t u r a l compartment f i r e , i s p r e s e n t e d i n [ 7 , 261, and [E21 supplements t h i s d e s i g n a i d f o r beams w i t h r e s p e c t t o t h e r i s k of l a t e r a l b u c k l i n g d u r i n g t h e f i r e exposure.
